Background: Congenital pulmonary artery anomalies are variable and need proper diagnosis and treatment. CT angiography with multiplanar reconstruction has the main role in the assessment of these anomalies and this noninvasive method should be the method of choice for preoperative planning and postoperative follow up. The aim of the study is to assess the value of MDCT in the detection of pulmonary arteries anomalies in the pediatric population with complex congenital heart disease in conjunction with echocardiography as an alternative to conventional angiography and to determine the superiority of MDCT in the assessment of other abnormalities such as airway anomalies.
Background
CT angiography (CTA) is an important modality in the evaluation of pediatric congenital heart disease (CHD). It can be used for the accurate depiction of complex cardiovascular anatomic features both before and after surgery and of a variety of post-treatment complications. CT facilitates the assessment of extracardiac structures. It is important for radiologists to have extensive knowledge of cardiac and extracardiac anatomy and surgical techniques [1] .
Although echocardiogram and conventional angiography are usually known as the primary imaging for assessment of CHD, echocardiography may not be enough for evaluating the extracardiac structures, such as great vessels due to acoustic window limitations [2, 3] . Conventional angiography is reduced by its 2D nature and difficulties in simultaneous evaluation of the systemic and pulmonary vascular systems [3] . Compared with CT, cardiac angiography has more risks because of its invasive nature [4, 5] , it needs anesthesia and a large volume of contrast injection [4] , and more radiation exposure to the patient [1] .
Compared with CT in the past, MDCT scanners yield images with better temporal and spatial resolution, greater anatomic coverage, more consistent enhancement with a lesser volume of contrast material injection, and higher-quality 2D and 3D reconstruction. Fast imaging with these CT scanners needs less patient sedation than older-generation CT and conventional angiography [6] . CT can be used to asses patients with CHD knew or suspected with echocardiogram for which further imaging is needed to characterize extracardiac anomalies before surgery. The pulmonary arteries, pulmonary veins, aortic arch, and great vessels may be inadequately characterized at echocardiography, requiring more diagnosis with CT [3] . CT can be used in the postoperative evaluation of CHD patients who have a variety of suspected treatment-related complications. Because it helps rapid assessment of vascular structures, the lungs, and potential spaces, CT can be used in the preoperative and postoperative evaluation of CHD patients whose condition suddenly deteriorates. In this condition, CT quickly diagnoses a lot of CHD-related complications such as pulmonary embolism, pneumonia, pericardial and pleural effusion. CT can be used before a reoperation to assess altered anatomic features related to previous surgery [7] .
Although MRI has no radiation exposure and used for functional assessment of cardiovascular structures, MRI has several limitations compared with CT. These include poorer spatial resolution, image-degrading artifacts from implanted metal, such as intravascular stents and embolization coils expensive, limited availability, contraindication in patients with pacemakers, and increased need for general anesthesia in younger children. MRI also takes a longer time than CT, possibly precluding imaging of critically ill, thermally unstable, and uncooperative pediatric patients. MRI is limited in the evaluation of the airways and lungs structures [8] [9] [10] [11] [12] .
The pulmonary arteries are involved in most congenital heart lesions, especially in patients with right ventricular outflow tract obstruction. In these patients, precise preoperative delineation of the pulmonary arteries is needed. Outcomes are improved because of innovations in the surgical approach which are influenced by findings from using newer crosssectional imaging techniques. Imaging studies, therefore, play an important role in the treatment of these patients [13] .
In our study, we tried to test the efficacy of MDCT machines using a 128-section CT scanner in the diagnosis of pulmonary artery anomalies before surgical planning or therapeutic angiography.
Methods
In our retrospective study, 52 patients (28 males and 24 females, aged 1 day to 4 years: mean age 2 years) who had CHD and possible pulmonary arteries anomalies clinically or by echo, exclusion criteria were all patient with contraindication to contrast injection either due to allergy or impaired renal functions not on dialysis and patients missed their follow-up. All patients were subjected to MDCTA between January 2016 and December 2018. All CT finding correlated with their surgical/or conventional angiography.
CT technique
Before the baby is received, the CT room was warmed and the light was slightly dimmed. The baby is wrapped well to avoid hypothermia. Sedation with chloral hydrate syrup, 50-75 mg/kg PO 30-60 min before procedure, may be repeated in 30 min if necessary, not to exceed 120 mg/kg or 1 g/dose in infants or 2 g/dose in children. Multi-detector CTA examinations were performed with a 128-section CT scanner (Siemens Somatom Definition AS). Patients were examined in a supine position, and all scans were extending from the root of the neck to the aortic bifurcation in cranio-caudal direction to assess abdominal vascular structures and viscera. Non-ionic iodinated contrast material (Omnipaque or Xenetix 350 mgI/ml) was injected by a power injector at a rate varying from 0.4 ml/s to 1 ml/s, total dose does not exceed 2 ml/kg of body weight. Saline injection followed contrast with the same volume and rate. Due to various access, e.g., arm, leg, umbilical, we used a modified bolus tracking method. When contrast is just seen in the upper part of descending aorta, the scan starts. We used this technique to ensure the opacification of the cardiac chambers and great vessels. Those patients have complex anomalies that make optimum timing not guaranteed. Acquisition parameters used for CT examinations were as follows: 80 KVp, 100-240 mAs (10 mA/kg), and 0.6 mm slice thickness. The gantry rotation time was 0.3 s, the collimation was 128 × 0.6 mm and the matrix was 512 × 512. The reconstructed images were 0.75-mm thick with a 0.5 mm interval. 2D and 3D reconstructions in different planes and intensity projections were performed. 3D VR for airways assessment was also performed. CT findings were retrospectively interpreted by two radiologists with 8 and 14 years of experience without knowledge of the image findings of other modalities. Surgery and/or catheter angiography were performed to all patients, and their findings were reviewed and compared to CTA findings. 
Results
One hundred and twenty-eight-slice CT scanner was accurate in revealing pulmonary artery anomalies. CT pulmonary angiography was superior to echocardiography in the visualization of the morphology of the pulmonary artery (PA) congenital anomaly and its associated findings. The commonest pulmonary artery anomaly was atresia, stenosis then hypoplasia and dilatation in addition to aortopulmonary artery collateral arteries (Table 1) . These anomalies may be isolated or associated with other congenital heart diseases. All cases of pulmonary abnormalities diagnosed on 128-section CT scanner in our study were correlated with echocardiography (all cases), surgery (26 cases), conventional angiography (preoperative diagnosis) 19 cases and 7 cases underwent therapeutic convolutional angiography. In the current study, MDCT could diagnose all cases of pulmonary arterial anomalies with 96% sensitivity, 100% specificity, 98% accuracy, 100% positive, and 94% negative predictive values ( Table 2 ). The commonest pulmonary artery anomaly was atresia in 16 cases (30%) (Figs. 1, 2, and 3). Pulmonary atresia with a ventricular septal defect in 11 cases, pulmonary artery atresia with intact ventricular system 4 cases, and 1 case complex pulmonary atresia. The most common associated finding is PDA, followed by stenosis of pulmonary artery in 13 cases (25%), 6 cases type I, 4 cases type II, 3 cases type III, and no case in our study found type IV Figure 4 shows type I pulmonary stenosis, then hypoplasia of main pulmonary artery in 10 cases (20%) or its main branches ( Fig. 1 ) and pulmonary artery dilatation in 8 cases (Figs. 5 and 6). Some of the anomalies affect both aorta and pulmonary artery (Figs. 4, 5, and 6).
In our study, there was a patent ductus arteriosus (27 cases) (Figs. 1 and 6) and truncus arteriosus (2 cases).
In our study, we found aberrant right pulmonary artery ( Fig. 5 ) (3 cases), aberrant left pulmonary artery ( Fig. 7) (2 cases), left pulmonary artery sling (1 case), aberrant right subclavian artery ( Fig. 6 ) (4 cases), both aberrant right subclavian artery with left pulmonary artery ( Fig. 8 ) (2 cases). CT can be used for accurate detection of post-treatment complications, in our study we have one case shows fistula between coronary arteries and right ventricle ( Fig. 9 ). CT facilitates the assessment of extracardiac structures as congenital tracheal stenosis (Fig. 8 ). However, CT angiography was not accurate for detecting valvular diseases of the heart. The intraoperative findings were consistent with the pulmonary CT angiographic findings.
Discussion
MDCT assesses a lot of congenital pulmonary arterial anomalies, such as atresia, stenosis, hypoplasia, and dilatation in addition to the postoperative appearance of the pulmonary arterial tree. These anomalies may be isolated or associated with other cardiovascular anomalies. CT helps assessment of the central and peripheral pulmonary arteries. In CT study we can detect the presence, patency, confluence, or caliber of the pulmonary arteries which must be diagnosed before definitive surgery as this information can affect surgical decision-making [14] . Pre-and postoperative assessment of the pulmonary artery can be accurately and non-invasively detected with CT. Reformatted images can be used to establish accurate measurements of the luminal diameter of the pulmonary artery that correlate highly with findings at cardiac catheterization [15] . Echocardiography and cardiac catheterization consider the main modalities in the diagnostic process of complex congenital heart diseases (CHD). However, its performance may be lacking in terms of visualization of extracardiac structures such as airways abnormalities. CT is mandatory to diagnose the type of anomaly and the relationship between the trachea and the esophagus, which are surrounded by vascular structures. Three-dimensional (3D) reconstructions of trachea and vessels permit an understanding of their reciprocal relationship allowing the surgeon to plan the surgical strategy. This kind of analysis should be performed before planning surgical interventions [5] . Tracheal stenosis may not be limited to the aberrant vascular compression but due to congenital stenosis. The anesthesiologist should be aware of this point as it may pose risk during the ETT introduction. So, CT scan is not only important for surgical planning but also to alert anesthesiologists about potential complications caused by airway anomalies. In our study, the most common pulmonary artery anomalies were atresia, stenosis, and hypoplasia. Liu et al. [16] stated that pulmonary atresia is a rare anomaly with a prevalence of approximately 1 in 200,000, but in our study, it was the most common anomaly with 16 cases; it may be because our hospital is a tertiary referral. Leonard et al. [17] classified pulmonary atresia into three types, pulmonary atresia with the intact interventricular septum, pulmonary atresia with VSD, and complex pulmonary atresia. Pulmonary atresia with a ventricular septal defect is known as a group of congenital cardiovascular anomalies in which there is complete disruption between the right ventricular outflow tract and the pulmonary trunk. These patients may have atresia of part or all of the central pulmonary arteries [18] . In our study, there are 11 cases of pulmonary atresia with VSD, 4 cases of pulmonary atresia with the intact interventricular septum, and 1 case with complex pulmonary atresia, and it agrees with Leonard et al. [17] . In this study, atresia of MPA as well as RPA and LPA in 10 cases, atresia of MPA and RPA in 3 cases, and atresia of MPA and LPA in 3 cases. Associated congenital anomalies more with LPA atresia such as tetralogy of Fallot and this agree with Ryu et al. [19] that stated right pulmonary artery atresia usually occurs in the absence of other congenital abnormalities, while left pulmonary artery atresia often occurs with other congenital cardiac conditions, such as of tetralogy of Fallot. In our study, the most common associated finding with pulmonary atresia is PDA, VSD, and tetralogy of Fallot, and this is in agreement with Harikrishnan et al. [20] . In Fallot tetralogy with severe infundibular stenosis, there may be complete obstruction of pulmonary blood flow. This is known as Fallot tetralogy with pulmonary atresia and considers a specific type of pulmonary atresia with VSD. Complete disconnection of the right ventricle from the pulmonary arteries and the obligatory presence of extracardiac sources of pulmonary arterial blood flow differentiate pulmonary atresia with VSD type from the Fallot tetralogy [21] . Pulmonary artery stenosis classified into several types: type I, involving main pulmonary artery; type II, involving bifurcation; type III, multiple peripheral stenoses; and type IV, central and peripheral stenosis [22] . In our study, stenosis of the pulmonary artery in 13 cases (25%), 6 cases type I, 4 cases type II, 3 cases type III, and no cases type IV, the most common type is type 1 (6 cases), and this agrees with Hirsig et al. [23] . Although pulmonary stenosis may be an isolated finding, it is often syndromic and/or associated with other cardiac abnormalities [24] . In our study, pulmonary stenosis was common apart of Fallot tetralogy (7 cases), and this agrees with Helmut et al. [25] , or syndromic such as in our study arterial tortuosity syndrome (ATS) that is proved by gene testing and it is in agreement with Callewaert et al. [26] and Bhat et al. [27] that stated that it is extremely rare autosomal recessive disease caused by alterations in the SLC2A10 gene. The most common presentation in all children is tortuous artery; characteristic angiographic feature showed pulmonary stenosis, significant tortuosity of the great vessels such as aorta, changes in the caliber and significant areas of widening and narrowing are seen in medium-sized arteries such as common carotid and subclavian arteries which also involve the abdominal vasculature, e.g., superior mesenteric artery, and all is giving a clue to the diagnosis of arterial tortuosity syndrome with other radiological and clinical finding. Hypoplasia of the pulmonary artery can be diagnosed when narrowing was diffuse involving a long segment of the artery [28] . In 10 cases, there was hypoplasia of the pulmonary artery. Pulmonary artery hypoplasia is a rare congenital anomaly. It is frequently associated with other congenital anomalies, such as tetralogy of Fallot, a ventricular septal defect, transposition of great vessels, and aortic arch anomalies [29] . In our study, there were 8 cases pulmonary artery dilatation, 6 cases dilated MPA and left pulmonary artery and 2 dilated MPA; all are associated with other multiple cardiac anomalies and it differs from idiopathic dilatation of the pulmonary trunk that it is a rare congenital anomaly comprising of pulmonary trunk enlargement with or without dilatation of the right and left pulmonary arteries. For this diagnosis, exclusion of pulmonary and cardiac diseases (mainly pulmonary valve stenosis) and confirmation of the presence of normal pressures in the right ventricle and pulmonary artery is required [30] . A group of anomalies that affects both the pulmonary artery and aorta are called aorto-pulmonary anomalies; they include truncus arteriosus, patent ductus arteriosus, and transposition of great vessels. In our study, there were 2 cases of truncus arteriosus and 27 cases patent ductus arteriosus. Truncus arteriosus accounts for 1% of congenital cardiac disease and is defined by a single great artery supplying the systemic, coronary, and pulmonary blood flow. The single truncal valve may have two to five leaflets, which may be stenotic or insufficient. An atretic pulmonary valve and a ventricular septal defect may also be present. Truncus arteriosus is rare with an incidence of in 1 in 10,000 births [31] . The classification of arteriosus devised by Van Praagh [32] are type A1: aorta and main pulmonary artery share a common arterial trunk, type A2: separate origins of the branch pulmonary arteries from the left and right lateral aspects of the common trunk, type A3: origin of one branch pulmonary artery (usually the right) from the common trunk, with other lung supplied either by collaterals or a pulmonary artery arising from the aortic arch, type A4:
coexistence of an interrupted aortic arch. According to this classification, our two cases are type 1. In our study, 5 cases have aberrant left pulmonary artery and 3 cases have aberrant right pulmonary artery. Aberrant right pulmonary artery is associated with aortic anomalies, aberrant left pulmonary artery is associated with anomalies subclavian arteries, and these agree with Kutsche et al. [33] who stated that aberrant pulmonary artery is anomalous origin of a branch pulmonary artery from ascending aorta and it is 0.3% of congenital heart disease, aberrant left pulmonary So, we can also say that CT scan is not only important for surgical planning but also to alert anesthesiologists about potential complications caused by the airway anomalies artery may be associated with tetralogy of Fallot, and anomalous subclavian arteries. On the contrary, patent ductus arteriosus and aortic anomalies may be associated with the aberrant right pulmonary artery. Left pulmonary artery sling represents an anatomical variant characterized by the left pulmonary artery arising from the right pulmonary artery and passing above the right main bronchus and in between the trachea and esophagus to reach the left lung. It may lead to compression and focal stenosis of the trachea [34] . In our study, one case of left pulmonary artery sling is detected. In our study, 2 cases of the aberrant left pulmonary artery with airway compression but one of the causes is an aberrant left pulmonary artery and the other is due to congenital stenosis so that CT scan is not only important for surgical planning but also to alert anesthesiologists about potential complications caused by the airway anomalies. Complications following cardiothoracic surgery are responsible for increased morbidity and mortality. Vascular complications in particular are significant contributors to poor patient outcomes due to either hemorrhage or thrombosis and ischemia. Evaluation of vascular complications in the postoperative patient requires a rapid and reliable imaging approach. Vascular complications after cardiothoracic surgery include pulmonary artery thrombosis, pseudoaneurysm, pulmonary vein thrombosis, vascular fistulas, stenosis, and infarction. MDCT is often the imaging modality of choice to visualize the entire cardiothoracic vasculature, airways, lung parenchyma, and mediastinum [35] . In our study, patients with pulmonary and tricuspid atresia, post-Glenn surgery, on aspirin, developed marked RV hypertrophy with a fistula between RV cavity and right coronary artery. Another fistula between the RV cavity and the left anterior descending artery. The RV-RCA fistula shows focal stenosis whereas the RV-LAD fistula shows focal aneurysmal dilatation. MDCT is a rapid and non-invasive imaging study used for the diagnosis of pediatric thoracic vasculature diseases as an alternative to conventional angiography. Three-dimensional (3D) images allow accurate delineation of vascular anomalies that can be used as a vascular road map by surgeons. 
Conclusion
MDCT scanner can be an alternative to diagnostic conventional angiography for the non-invasive assessment of the pulmonary artery. Higher quality multiplanar and 3D reconstruction achieved by the MDCT scanners offer a rapid, reliable, and non-invasive technique that can be used for the evaluation and preoperative assessment of thoracic vascular and extra-vascular anatomy in infants and children with suspected congenital heart disease. CT technologies are constantly developing collaboration between radiologists, pediatric cardiologists, and anesthesiologists, which is essential for improving CT performance. 
